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ABSTRACT Listeria monocytogenes is a major human and animal foodborne patho-
gen. However, data from environmental reservoirs remain scarce. Here, we used
whole-genome sequencing to characterize Listeria species isolates recovered over 1
year from wild animals in their natural habitats in Spain. Three different Listeria spp.
(L. monocytogenes [n=19], Listeria ivanovii subsp. londoniensis [n=4], and Listeria
innocua [n= 3]) were detected in 23 animal tonsils (9 deer, 14 wild boars) and 2
feeding troughs. No Listeria species was detected in feces. L. monocytogenes was
detected in tonsils of 44.4% (8 out of 18) of deer and 40.7% (11 out of 27) of wild
boars. L. monocytogenes isolates belonged to 3 different core genome multilocus
sequence typing (cgMLST) types (CTs) of 3 distinct sublineages (SL1, SL387, and
SL155) from lineages I and II. While cgMLST type L1-SL1-ST1-CT5279 (IVb; clonal
complex 1 [CC1]) occurred only in one animal, types L1-SL387-ST388-CT5239 (IVb;
CC388) and L2-SL155-ST155-CT1170 (IIa; CC155) were retrieved from multiple ani-
mals. In addition, L1-SL387-ST388-CT5239 (IVb; CC388) isolates were collected 1 year
apart, revealing their long-term occurrence within the animal population and/or
environmental reservoir. The presence of identical L. monocytogenes strains in deer
and wild boars suggests contamination from a common food or environmental
source, although interhost transmission cannot be excluded. Pathogenicity islands
LIPI-1, LIPI-3, and LIPI-4 were present in 100%, 5%, and 79% of the L. monocytogenes
isolates, respectively, and all L. monocytogenes lineage II isolates (n= 3) carried SSI-1
stress islands. This study highlights the need for monitoring L. monocytogenes envi-
ronmental contamination and the importance of tonsils as a possible L. monocyto-
genes intrahost reservoir.

IMPORTANCE Listeria monocytogenes is a foodborne bacterial pathogen responsible
for listeriosis. Whole-genome sequencing has been extensively used in public health
and food industries to characterize circulating Listeria isolates, but genomic data on
isolates occurring in natural environments and wild animals are still scarce. Here, we
show that wild animals carry pathogenic Listeria and that the same genotypes can
be found at different time points in different host species. This work highlights the
need of Listeria species monitoring of environmental contamination and the impor-
tance of tonsils as a possible L. monocytogenes intrahost reservoir.
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L isteria monocytogenes is a foodborne pathogen that causes listeriosis. Although
rare, human listeriosis has one of the highest case fatality rates (20 to 30%) and

hospitalization rates (.97%) among foodborne pathogens (1, 2). In domestic rumi-
nants, L. monocytogenes can cause rhombencephalitis, septicemia, and abortion, but
animals tend to be asymptomatic carriers that shed the bacterium in their feces (3–6).
In pigs, listeriosis manifests mainly as septicemia, with encephalitis reported less fre-
quently and abortions rarely (7).

Previous studies have detected the presence of L. monocytogenes in a small per-
centage of wild boar (0 to 6.1%) (8–12) or deer (1 to 5.4%) (11, 12) feces samples. Likely
as a consequence of animal fecal excretion, L. monocytogenes is frequently found in
soil, decaying vegetables, and river and canal waters, leading to direct contamination
of raw food materials, which are then conveyed to food processing industries (13). In
tonsils, which are lymphoid tissue aggregates situated at the entrance of the digestive
and respiratory tracts and known sites of multiplication of L. monocytogenes (14), the
detection of L. monocytogenes has been reported to be high (8.2 to 35% in wild boars;
13% in deer) (9, 10, 15).

L. monocytogenes can also persist in food processing plants for months to decades
(16–18). It has been shown that L. monocytogenes may travel along the bird migration
route, leading to transmission over a large geographical distance by black-headed gull
(19). Persistent carriage has also been shown for other bacteria, such as Staphylococcus
aureus, where its long-term nasal carriage has been associated with high pathogen
burden and more extensive spreading of staphylococci into the environment (20).

The L. monocytogenes population is heterogeneous and can be classified into line-
ages (21), PCR genoserogroups (22), sequence types (STs), and clonal complexes (CCs
or clones), as defined by multilocus sequence typing (MLST) (23), and sublineages (SLs)
and core genome MLST (cgMLST) types (CTs), as defined by cgMLST (24). This hetero-
geneity also reflects different pathogenic potential among L. monocytogenes isolates,
with lineage I been more frequently isolated from clinical cases (25).

Whole-genome sequencing (WGS) permits an unprecedented subtyping resolution
and strain characterization, being a powerful tool for national and international surveil-
lance and outbreak investigations in clinical and food production settings (26, 27).
However, genomic data on Listeria spp. occurring in natural environments and wild
animals are still scarce (28). Here, we used WGS to subtype and characterize Listeria
species isolates recovered during 1 year from wild boars and deer hunted in a region
of the southeast of Spain and their environments.

RESULTS AND DISCUSSION

A total of 90 tonsil and feces samples were collected from 45 animals in the same
600-hectare hunting area in the southeast of Spain over a period of 15months. Two
different Listeria spp. were detected in 23 animals (Fig. 1). L. monocytogenes and L. iva-
novii were isolated from 19 (42.2%) and 4 (8.8%) out of 45 wild animal tonsils, respec-
tively (Fig. 2). Eight out of 18 (44.4%) deer and 11 out of 27 (40.7%) wild boars were
found to be positive for L. monocytogenes in tonsils. One deer (5.5%) and 3 wild boars
(11.1%) were positive for L. ivanovii in tonsils. No L. monocytogenes or L. ivanovii could
be detected in the feces samples from the same wild animals (50% limit of detection
[LOD50] in feces, 0.2 CFU/g; LOD50 in tonsils, 0.4 CFU/g). Accordingly, other studies
detected L. monocytogenes in feces in a small percentage of wild boar (1.5%, 1.3%,
6.1%, 0%, and 0%) (8–12) or deer (5.4% and 1%) (11, 12) feces samples. These results
suggest that wild animals are frequent carriers of L. monocytogenes and L. ivanovii in
tonsils, but shedding in feces occurs rarely, confirming previous results that reported L.
monocytogenes in 8.2% (6/73) and 1.4% (1/73) of wild boar tonsils and feces, respec-
tively (9). Similar results have been reported in domestic pigs, where 45% of examined
animals (n=103) harbored L. monocytogenes in the tonsils and only 3% were fecal
excretors (29). Experimental oral infection studies in sheep (14) showed that L. monocy-
togenes can be isolated in large numbers in the tonsils even after fecal excretion is
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stopped, concluding that tonsils are a long-lasting site of L. monocytogenes coloniza-
tion. Altogether, these results suggest that animals can silently carry L. monocytogenes
in tonsils even without L. monocytogenes fecal shedding.

In an attempt to track the ecological source of the Listeria species isolated from the
wild animals, 42 environmental samples were further collected from the hunting area
of the Mediterranean forest (Fig. 2). These samples included soil and decaying vegeta-
tion, since they are considered the primary habitat of Listeria spp. (30, 31), and samples
from feeding troughs (including soil, oats, and corn) in the soil. Three L. innocua iso-
lates were obtained from the food troughs in the forest, but no other Listeria spp.
could be isolated from the environmental samples analyzed (Fig. 1 and 2).

Genome-based genotyping analysis showed that L. monocytogenes isolates
retrieved from the wild animals belonged to phylogenetic lineages I (n=16; 84.2%)
and II (n=3; 15.8%) and genoserogroups IVb (n=16; 84.2%) and IIa (n=3; 15.8%).
Importantly, lineage I is often prevalent in clinical cases (25) and has been associated

FIG 1 Unrooted maximum-likelihood phylogeny based on the whole-genome alignment (764,193 nucleotide positions) of the Listeria
isolates collected in this study (n= 26). Circles at the nodes denote bootstrap support of .90 based on 1,000 replicates.

FIG 2 Listeria species genotypes detected in this study.
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with long-term gut colonization in in vivo studies (32). On the basis of 7-locus MLST,
isolates were assigned to ST1 (n=1), ST388 (n=15), and ST155 (n=3), previously
reported in Europe. ST388 (IVb; CC388) was reported in 2019 meat industry and retail
products in the biggest listeriosis outbreak in Spain (33). ST155 (IIa; CC155) was
reported in 2017 from fish samples and an outbreak of invasive listeriosis in Austria
(34). ST1 (IVb; CC1) was shown to be hypervirulent and neurotropic (25) and has been
reported to be predominant in rhombencephalitis cases in ruminants (35).

At the level of the core genome, isolates belonged to 3 different CTs from subli-
neages SL1 (n=1), SL387 (n=15), and SL155 (n=3). Isolates within cgMLST type L1-
SL387-ST388-CT5239 (n=15; from wild boars and deer tonsils) were collected 1 year
apart in different wild animals from the same geographic area. Isolates differed by only
0 to 2 cgMLST allelic differences (Fig. 3) and 0 to 3 whole-genome single-nucleotide
polymorphisms (wgSNPs), confirming its close phylogenetic relationship and highlight-
ing a suspected common contamination source. Isolates within cgMLST type L2-SL155-
ST155-CT1170 (n=3) differed by 0 to 4 cgMLST allelic differences (0 to 5 wgSNPs) and
were found in two different wild animal species (deer and wild boars), suggesting con-
tamination from a food or environmental source shared by both species, although
interhost transmission cannot be excluded.

Previous studies have shown a low genetic diversity of L. monocytogenes isolated
from wild animals (rodents and marine organisms) (36). The successful multiplication
of L. monocytogenes in infected animals may favor the selection of invasive clones and
their further transmission, as previously suggested (32, 36). Our data are consistent
with the hypothesis that wild environments provide opportunities for the selection of
invasive L. monocytogenes clones adapted for survival in wild animals and that tonsils
constitute a reservoir of L. monocytogenes asymptomatic carriage. These findings are of
public health concern, since these animals may favor the transmission of pathogenic
Listeria through the food chain to domestic animals and humans.

The L. monocytogenes intracellular survival pathogenicity island LIPI-1 and the
inlAB internalization locus were present in all L. monocytogenes isolates (Fig. 4).
Consistent with L. monocytogenes phylogeny, isolate L1-SL1-ST1-CT5279 carried
LIPI-3. LIPI-3 encodes listeriolysin S, a bacteriocin highly expressed in the intestine of
orally infected mice that alters the host intestinal microbiota and promotes intesti-
nal colonization by L. monocytogenes (37–39). Isolates within cgMLST type L1-SL387-

FIG 3 Minimum spanning tree based on the 1,748-locus cgMLST profiles of the L. monocytogenes isolates collected in this study
(n= 19). Profiles are represented by colored circles, where size is proportional to the number of isolates and gray zones denote
profiles belonging to the same cgMLST type. The number of allelic differences between profiles is indicated on the branches.
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ST388-CT5239 encoded LIPI-4, which has been shown to increase L. monocytogenes
neural and placental tropism (25).

Intrinsic antibiotic resistance genes (fosX, Iin, norB, and sul) were present in all L. mono-
cytogenes isolates (Fig. 4). All lineage II L. monocytogenes isolates also carried SSI-1, and
one isolate (LISVAL304; L2-SL155-ST155-CT1170) harbored the benzalkonium chloride re-
sistance cassette (bcrABC) (Fig. 4). The SSI-1 stress survival islet has been shown to contrib-
ute to L. monocytogenes survival and growth in low pH and high salt concentrations, facil-
itating the adaptation and persistence in natural and food processing environments (40).

Our results represent one of the first contributions to understanding the genomic di-
versity and epidemiology of Listeria spp. in wild animals and their natural habitat in the
southeast of Spain. By integrating epidemiological data and comparative genomics, we
have uncovered the long occurrence of virulent L. monocytogenes strains in wild animals
and demonstrate that tonsils are an important reservoir of pathogenic Listeria spp. Wild
animals may contaminate crops or the environment where domestic animals graze,
which then get contaminated and can pass L. monocytogenes to humans via food. These
findings can contribute to guide public health authorities to better control the health
hazards associated with L. monocytogenes.

MATERIALS ANDMETHODS
Animals and sampling. In the time frame of November 2018 to February 2020, 27 wild boars (Sus

scrofa) and 18 deer (Cervus elaphus hispanicus) were hunted for consumption in a 600-hectare hunting
area of Mediterranean forest within regulation measures in the southeast of Spain. The postmortem man-
agement of hunt-harvested wild boars was conducted according to the European Regulation (EC) no. 853/
2004 of the European Parliament and of the Council of 29 April 2004. The animals were hunted by stand
hunting. The animals were observed, including for signs of central nervous system disorders, by the hunt-
ers before they were shot. Hunted animals were transported from the hunting area to an evisceration
room, and samples were taken by veterinarians within 6h after hunting. Before dissecting the head for
tonsil sampling, the skin was disinfected with 70% ethanol. Tonsils were removed before thoracic and ab-
dominal cavities were opened. Tonsils were removed and stored in a sterile bag. When opening the car-
casses, no macroscopic abnormalities were found in the thoracic and abdominal cavities, assuming hunted
animals were healthy. Fecal specimens from the rectum of all the animals were taken and stored in a ster-
ile bag. To avoid contamination, new and independent sterile scalpels were used for each animal and sam-
ple (tonsils and rectum). All samples were collected using disposable gloves by aseptic conditions. The
entire sample material was stored at 56 3°C and transported to the laboratory within 24 h.

Additionally, three soil samples from distinct soil types (humus, clay, and sand) were collected from the
area where the wild animals live and were hunted. The same types of soil samples (n=3) were collected
from areas enriched with oats and corn grains (spread in the soil to feed animals). Soil samples were taken
from the surface to a depth of 5 cm downwards. Additionally, three clay samples from the soil next to the
drinking troughs were obtained. Twenty-one vegetation samples were taken, including wild rosemary
(n=3), wild thyme (n=3), pine tree bark (used by wild animals as scrapers) (n=3), lichen (n=3), moldy wal-
nuts (n=3), corn (from the bag used to feed wild animals) (n=3), and oat grains (from the bag used to feed
wild animals) (n=3). Moreover, 40ml of water samples (n=3) from puddles was taken aseptically in poly-
propylene tubes. Finally, 9 samples from feeding troughs (including soil, oats, and corn) in the soil (3 differ-
ent locations, 3 samples per location) were also collected. All samples were collected using disposable
gloves. The entire sample material was stored at 56 3°C and transported to the laboratory within 24 h.

Listeria species isolation and identification. For the isolation of Listeria spp., 8 g of rectal fecal sam-
ples, 5 g of tonsils (first minced with a scalpel into approximately 1- to 2-mm pieces and subsequently
mechanically disrupted by grinding), or 8 g of environmental samples was diluted 1/10 in half Fraser
broth (Scharlab, Spain). Samples were homogenized and incubated for 24 h at 30°C for enrichment. One
hundred microliters of the incubated suspension was transferred to 10ml of Fraser broth (Scharlab,
Spain) and incubated at 37°C for 24 h. After the second enrichment, 100ml of the culture and two 10-
fold dilutions in phosphate-buffered saline were transferred to RAPID9L. mono plates (Bio-Rad, USA) and
incubated at 37°C for 24 h. Characteristic colonies presumed as Listeria spp. (colonies were blue or white,
with or without a yellow halo, round, convex, 1 to 2mm) were confirmed in selective Oxford agar plates
for Listeria (Scharlab, Spain) (colonies were gray-green in color with a black sunken center and a black
halo, 1 to 2mm) and Columbia CNA agar with 5% sheep blood agar plates (colonies were opaque, flat, 1
to 2mm). From each positive sample, one isolate colony was obtained and preserved in glycerol at
280°C for the following analysis.

Listeria isolates referred to the World Health Organization Collaborating Center for Listeria (Institut
Pasteur, Paris) were identified with matrix-assisted laser desorption ionization–time of flight mass spec-
trometry using the MicroFlex LT system with last MBT library DB-7854 (Bruker Daltonics, Bremen,
Germany), as previously described (41).

Genome sequencing and assembly. Genomic DNA was extracted using the DNeasy blood and tissue
extraction kit (Qiagen, Denmark) as described previously (24). DNA quality and concentration were meas-
ured by Qubit 3 (Thermo Fisher Scientific, USA). The DNA library was prepared with the Nextera XT DNA
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library preparation kit (Illumina, USA) according to the manufacturer’s instructions. Paired-end sequencing
(2� 150 bp) was performed using NextSeq 550 (Illumina) according to standard Illumina sequencing pro-
tocols. Raw reads were trimmed with fqCleaner v.3.0 as previously described (26) and assembled with
SPAdes v.3.11 (42) with automatic kmer selection. To confirm species identification, the pairwise genomic
average nucleotide BLAST identity was determined by comparing each assembly against the genomes of
Listeria species type strains using the enveomics package (43), as previously described (44).

Molecular typing and phylogenetic analysis. Genoserogrouping (22), MLST (7 loci [23]), cgMLST
profiles (1,748 loci [24]), and virulence and resistance profiles (124 loci [24]) were obtained from the
assemblies using the BLASTN algorithm (45) implemented at the BIGSdb-Lm platform (24, 46), with
minimum nucleotide identity and alignment length coverage of 70% and word size of 10, as previ-
ously described (24). MLST profiles were classified into sequence types (STs) and grouped into clonal
complexes (CCs) as previously described (23). cgMLST profiles were grouped into cgMLST types
(CTs) and sublineages (SLs), using the cutoffs of 7 and 150 allelic mismatches, respectively, as previ-
ously described (24). Minimum spanning trees were built from cgMLST profiles using BioNumerics
7.6 software (Applied Maths, Belgium). wgSNP-based alignments were built from trimmed reads
with the Snippy v.4.1.0 pipeline (https://github.com/tseemann/snippy), using LISVAL90 (for genus
and L. monocytogenes mappings), LISVAL301, or LISVAL300 (for L1-SL387-ST387-CT5239 and
L2-SL155-ST155-CT1170 intracluster mappings, respectively) as reference genomes. Maximum likeli-
hood phylogenies were inferred from the whole-genome alignments using IQ-tree v.2.0.6 (47) under
the best-fit nucleotide substitution model (GTR1F1I1G) (48) determined by ModelFinder (49) and
using an ultrafast bootstrapping of 1,000 replicates (50). Trees were visualized and annotated with
iTol v.4.2 (51).

Data availability. All sequences are publicly available at the European Nucleotide Archive
(BioProject no. PRJEB41942) and BIGSdb-Lm (https://bigsdb.pasteur.fr/listeria). The accession num-
bers are detailed in Table S1 in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
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